Abstract: Accurate and efficient measurement of photosynthetically active radiation (PAR) is critical in ecological studies. We evaluated 25 metrics of PAR with respect to predicting growth of sugar maple (Acer saccharum Marsh.) and white ash (Fraxinus americana L.) saplings from understory to large gap conditions. PAR metrics were derived from gallium arsenide photodiodes, hemispherical canopy photographs (film and digital), and a LI-COR LAI-2000 plant canopy analyzer. In general, percent canopy openness, estimated with film photographs or LAI-2000, best predicted growth. Mean daily photosynthetic photon flux density (PPFD) from photodiodes ranked intermediate; direct beam radiation (from digital and film photographs) was among the poorest growth predictors. Metrics that integrate direct radiation may be relatively poor predictors of growth, because sunflecks were above PPFD levels at which photosynthesis saturates but fully contributed to the calculation of mean daily PPFD. Mean daily PPFD based on truncated sunflecks (to PPFD levels at which photosynthesis saturates) improved predictions of white ash radial growth. Film canopy photographs and the LAI-2000 had relatively low measurement error (indicated by repeatability). High contrast in film photographs, compared to digital, reduced ambiguity in manual thresholding. From a plant-centered perspective, percent canopy openness measured with either the LAI-2000 or film hemispherical photographs provided the best growth predictions.
Introduction
Photosynthetically active radiation (PAR, radiation of 400-700 nm) is an important limiting resource to plant growth and survivorship in forest understories (Canham et al. 1990; Pacala et al. 1994; Kobe et al. 1995) . Although spatial and temporal heterogeneity in PAR has important biological implications, this heterogeneity also poses challenges to measuring light availability in biologically meaningful terms.
PAR can be measured directly with quantum sensors as photosynthetic photon flux density (PPFD, mol photonsÁm -2 Ás -1 ). Daily and seasonal variation in PPFD necessitates long-term data logging to be relevant to plant performance, and numerous sensors are required for a population. Gallium-arsenidephosphide (GaAsP) photodiodes are sensitive to PAR wavelengths (Pearcy 1989) and are an inexpensive substitute for quantum sensors. Field setup, datalogger maintenance, and data processing can be time intensive, and thus, photodiodes and quantum sensors are rarely used in studies that are focused on plant growth and survivorship.
Several indirect methods have been developed to approxi-mate long-term PAR (Table 1) . Hemispherical canopy photographs characterize the size, shape, and distribution of gaps in the canopy and estimate both direct and diffuse components of PAR when analyzed with software that imposes solar tracks on the canopy image (Chazdon and Field 1987; Canham 1988; Rich et al. 1993; Frazer et al. 2000) . Hemispherical canopy photographs have used high contrast black and white or color film or electronic images directly from digital cameras. Other approximations of long-term PPFD include instantaneous measurements of percent PPFD (PPFD in the understory as a percentage of PPFD above the canopy) taken with quantum sensors under overcast conditions (Parent and Messier 1996) , diffuse noninterceptance (or percent canopy openness) measured with the LI-COR LAI-2000 plant canopy analyzer (LI-COR Inc., Lincoln, Nebraska) under overcast conditions Nicotra et al. 1999) , percent canopy cover estimated with a spherical densiometer (a handheld hemispherical mirror) (Englund et al. 2000) , and measurements of red to far red light ratios as a proxy for diffuse light (Capers and Chazdon 2004) . Photochemical sensors (e.g., layers of Diazo paper) have been used to estimate long-term PAR (Friend 1961; Ferment et al. 2001 ) but respond to a limited spectrum of PAR wavelengths (Friend 1961; Pearcy 1989) . Theoretically, among indirect methods, azimuth-referenced hemispherical canopy photographs with imposed solar tracks should provide the best approximation of PAR, because photographs take into account both direct beam and diffuse radiation. In contrast, other indirect methods measure percent canopy openness and approximate diffuse light. In spite of theoretical differences, indirect methods generally are correlated with each other and with reference values of PPFD from GaAsP photodiodes (studies in Table 1 ). From~5% to 90% full sun, Gendron et al. (1998) found that canopy photograph estimates of PPFD had the highest correlations with direct measurements of growing season percent PPFD. However, studies that encompassed lower light levels (<6% full sun) found that percent PPFD estimated from canopy photographs diverged substantially from growing season percent PPFD and that the instantaneous paired quantum sensor method and LAI-2000 provided better estimates of growing season percent PPFD (Machado and Reich 1999) .
The underlying motivation for measuring PAR, and for comparing methods for its estimation, often is to predict some aspect of plant performance such as growth (Kobe 2006) or survival (Kobe 1999) . Nevertheless, methods of estimating PAR have not been compared with respect to their ability to predict plant performance. Studies comparing PAR measurement methods generally have logged PPFD from post-mounted, vertically oriented photodiodes, which are then used as a reference in comparisons with other PAR measurements taken at the same locations Machado and Reich 1999; Engelbrecht and Herz 2001) . A single post-mounted photodiode may not be a good analogue of PAR interception by saplings with complex architecture and leaf display (e.g., Ackerly and Bazzaz 1995) .
In this study, we use a plant-centered approach to assessing PAR measurement methods. Specifically, we addressed two questions: (1) how well do different metrics of light availability predict sapling growth and (2) if metrics of light availability differ in predictive power, could these differences be ascribed to error inherent in the methods or to measurements of different components of irradiance (e.g., direct beam vs. diffuse) to which understory trees show different growth sensitivities?
Methods

Study site
We conducted this study in northwestern Lower Michigan, northwest of Onekama (44823'N, 86815'W), on property owned and managed by Michigan State University's Department of Forestry. The mature forest stand borders Lake Michigan and is dominated by sugar maple (Acer saccharum Marsh.), white ash (Fraxinus americana L.), and red oak (Quercus rubra L.). The presence and high density of the herbaceous understory species wild leek (Allium tricoccum Ait.), Jack-in-the-pulpit (Arisaema triphyllum (L.) Schott), sharp-lobed hepatica (Hepatica acutiloba DC.), and sweet cicely (Osmorhiza claytonii (Michx.) C.B. Clarke) indicate that this is a nutrient-rich and mesic site (Host and Pregitzer 1992) .
Sapling growth measurements
We selected 22 white ash and 25 sugar maple saplings to stratify apparent variation in canopy openness. Sampled ranges of diameter and canopy openness overlapped for the two species (Table 2) .
In late May 2001, we harvested the aboveground portion of each sapling and measured lengths and annual extension growth (1998) (1999) (2000) of the leader and 10 systematically selected lateral branches stratified along the main stem's length. Saplings were oven-dried and weighed. Dried stem cross sections at 10 cm height above ground level were scanned with a high resolution LA 1600 flatbed scanner and acquired images analyzed with Windendro software to measure annual ring widths (Regent Instruments, Blain, Quebec). There is good correspondence between measurements of field fresh versus dry diameters with drying resulting in~7% shrinkage (Kobe 2006) . Annual ring widths were measured along four radii, corresponding to the smallest and widest diameters intersecting the pith. Radial growth was calculated as mean radial increment along the four radii from 1998 to 2000. We decided to use a 3 year mean instead of a single year of growth for two reasons: (1) to encompass greater variation in climate to ensure that PARgrowth relationships were not unduly influenced by climate of a single year and (2) to minimize measurement error of noncircular wavy growth rings (such that a given annual growth ring was not of uniform width) in some stems. Where wavy rings were present, they counterbalanced over 3 years, thus reducing measurement error.
PAR measurements
Photodiodes
To directly measure PAR, we logged data from GaAsP photodiodes (G1118; Hamamatsu, Middlesex, New Jersey), cosine corrected by gluing a Teflon diffuser to the surface of each diode. Cosine-corrected photodiodes were calibrated against factory-calibrated LI-COR quantum sensors before and after the logging period.
We attached a photodiode to each sapling's leader, orienting the photodiode surface parallel with leaves. Photodiode voltage output was measured every 15 s and averaged and recorded every 15 min by one of three dataloggers (CR10X; Campbell Scientific, Inc., Logan, Utah) and two LI-1400s (LI-COR Inc., Lincoln, Nebraska) from 0600 to 2200 June through September 2000. We obtained mean PPFD over 15 min intervals using the calibration equations to convert photodiode output to instantaneous PPFD (PPFD I ; mmolÁm -2 Ás -1 ). Daily PPFD (PPFD D ) for each photodiode was calculated by summing photon flux across all 15 min intervals occurring between sunrise and sunset:
where N is the number of 15 min measurement periods between sunrise and sunset, indexed by i. For each sapling, we then calculated mean daily PPFD across~6 weeks of the growing season. Because we could not measure all 47 saplings simultaneously, we rotated photodiodes and dataloggers among sets of saplings every 2 weeks to equalize daylengths and solar angles among sapling sets. To minimize differences in daylength among saplings, we also eliminated subsets of daily PPFD so that all saplings had a mean daylength of~13.5 h. To test if extreme high values of mean PPFD over 15 min were biasing estimates of mean daily PPFD, we recalculated mean daily PPFD by truncating 15 min PPFD readings to threshold levels of 400, 300, and 250 mmolÁm -2 Ás -1 (i.e., if a mean PPFD over 15 min was greater than the threshold level, it was set equal to the threshold level). 
Hemispherical canopy photographs
Color film slides and digital images were taken directly over each sapling leader in early September 2000 under uniformly overcast or twilight conditions. Cameras were mounted on tripods, oriented to true north, and leveled before recording images. A Nikon N 70 camera (in automatic exposure, aperture-priority mode) with a Sigma 1808 fish-eye lens took color slides (Kodachrome, ISO 200) and a Nikon Coolpix 990 with a Nikon FC-E8 fish-eye converter (1838) took digital images (in normal resolution setting under automatic exposure with aperture priority). Neither camera was set for underexposure.
We analyzed both sets of images with Gap Light Analyzer software (Frazer et al. 2000) to estimate percent canopy openness, diffuse radiation, direct radiation, total transmittance (a weighted sum of diffuse and direct radiation), and leaf area index. Total, direct, and diffuse transmittance (mmolÁm -2 Áday -1 ), respectively, scale with percent total, percent direct, and percent diffuse transmittance and yielded identical results. The second author analyzed the same images in June 2001 and June 2002 to estimate within-operator variability.
LAI-2000 plant canopy analyzer
We measured diffuse noninterceptance (equivalent to percent canopy openness) with the LAI-2000 plant canopy analyzer (LI-COR, Lincoln, Nebraska) in remote mode on overcast days during early September 2000, before leaf fall. To assess the sensitivity of LAI-2000 readings to different field measurement techniques, we used three methods for each sapling: (1) three readings above the leader to approximate radiation reaching the sapling's crown (method A); (2) three sets of three measurements stratified horizontally across the top of the sapling crown to capture variation in PAR striking the top of the crown (method B); and (3) three sets of three measurements stratified vertically along the stem to approximate light depletion through the interior of the crown by self-shading (method C). For each method, we used mean percent canopy openness as the growth predictor. All three measurement methods included three measurements at the sapling apex, which were used to assess withinoperator variability. To assess between-operator variation, independent measurements on a subsample of saplings were taken during September 1999, following method B.
Statistical analysis
To test allometric relationships of species-specific aboveground mass against diameter, tree height, and the sum of branch lengths, we used multiple linear regression in SY-STAT (version 10; SYSTAT, Inc., Point Richmond, California). To characterize the relationship between diameter (D, mm) and aboveground mass (M, g), we tested variants of the general expression: M = a + bD c where a, b, and c were estimated parameters. We tested all combinations of the general expression through setting a = 0, b = 1, and c = 1. We used the nonlinear routine of SYSTAT to estimate parameters and calculate likelihoods and then compared model fits through likelihood ratio tests.
To assess growth predictions, we specified the negative natural log likelihood of a normal probability density function (dropping all constants) as the loss function in SYSTAT for growth predicted by each of the 25 PAR metrics (denoted by the subscript z):
where s is the estimated standard deviation, actual i is the measured radial growth for sapling i, and predicted ÁRad i,z is radial growth predicted by PAR metric z for sapling i using a Michaelis-Menten model of radial growth as a function of PAR (Pacala et al. 1994; Kobe 2006) :
where Rad i is the radius of sapling i at the beginning of the growth interval, A is a parameter governing asymptotic or high light growth, and S is the slope of the growth function at zero light or low light growth (Pacala et al. 1994) . We also tested a variant of eq. 3 where Rad i was substituted for Rad i and y is a parameter that characterizes disproportionate size (i.e., radius) effects on radial growth when y = 1. In particular, y < 1 indicates that radial growth increases less than proportionately and y > 1 indicates that growth increases more than proportionately with increases in sapling radius (see Kobe 2006; MacFarlane and Kobe 2006) . However, y did not differ from one (as assessed by 95% support) for all light metrics for white ash and all light metrics except LAI estimates for sugar maple. These results indicate that effects of size on radial growth are directly proportionate to sapling radius. Since almost all y estimates did not differ from one, we do not report them here. Growth models were fit by minimizing the loss function (eq. 2). To compare growth predictions, we calculated Akaike's information criteria (AIC) for each of 25 light metrics. Models with minimum AIC have the greatest empirical support; models within two AIC units have similar levels of empirical support (Burnham and Anderson 2002) . Analyses were conducted separately for the sets of sugar maple and white ash saplings.
To assess within-operator variability for the LAI-2000, we tested for correlations among apex readings from methods A, B, and C (i.e., we discarded nonapex readings from methods B and C). We assessed between-operator repeatability by testing for a significant correlation between 1999 and 2000 method B measurements. We also tested for correlations between years for metrics derived from the same canopy photographs that were analyzed by the second author in 2001 and 2002. Because correlations do not reveal bias, we also calculated mean, median, and range in deviations between repeated measurements.
Results
Allometric equations of aboveground mass
Diameter was highly significant in predicting aboveground plant mass (p < 0.001). Height and sum of branch length did not explain additional variation in mass when diameter was included in the regression (multiple linear regression, p > 0.1).
Thus, focusing on the relationship between aboveground mass (M a ) and D, the best fit models were
for white ash and
for sugar maple. Model fits were excellent in both cases (white ash, r 2 = 0.96; sugar maple, r 2 = 0.95). Plots of residuals against height, total branch length, and light metrics revealed no residual bias. In this study, diameter alone is a very good surrogate of aboveground mass.
Metrics of light availability as predictors of diameter growth
For both sugar maple and white ash, percent canopy openness measured with the LAI-2000 and (or) film hemispherical photographs provided among the best predictions of radial growth ( Fig. 1; Table 3 ). For white ash, the best predictor was diffuse irradiance from film hemispherical canopy photographs (r 2 = 0.90), but percent canopy openness from the same analysis of photos yielded the same fit (r 2 = 0.90) within 0.53 AIC unit (Table 3) . Percent canopy openness with the LAI-2000 (using method A) resulted in the same r 2 but diverged >2 AIC units from the best predictor. For sugar maple, all three measurement methods with the LAI-2000 resulted in very good predictions of growth (r 2 = 0.91) that were separated by <1 AIC unit and, thus, were all strongly supported by the data; light metrics calculated from hemispherical photographs had substantially less empirical support in predicting radial growth than LAI-2000 measurements, with the best light metric from film photographs (total transmittance) lagging behind the LAI-2000 method A by >5 AIC units (Table 3 ). In general, percent canopy openness and diffuse irradiance derived from film hemispherical photographs provided better predictions of growth than the equivalent metrics derived from digital photographs (Table 3) .
The ability of mean daily PPFD measured with photodiodes to predict growth ranked intermediate (white ash, r 2 = 0.75 sugar maple, r 2 = 0.84) (Table 3; Fig. 1 ). Correcting mean daily PPFD for daylength resulted in poorer fits for both species (Table 3) . Mean daily PPFD had less empirical support for predicting growth than percent canopy openness measured with the LAI-2000 or film photographs (for white ash, ÁAIC = 20.56 for photodiode PPFD relative to percent canopy openness with film photographs; for sugar maple, ÁAIC = 16.76 for photodiode PPFD relative to percent canopy openness with the LAI-2000) ( Table 1) .
Direct beam radiation for sugar maple and leaf area index and direct beam radiation for white ash (all estimated from canopy photographs) were the poorest predictors of radial growth (Table 3) . Because periods of high light intensity may not be fully utilized in photosynthesis, we also tested growth predictions of mean daily PPFD that truncated high irradiance values at 400, 300, and 250 mmolÁm -2 Ás -1 , corresponding to probable light levels at which photosynthesis saturates. For white ash, truncating irradiance to any of these thresholds improved predictions of radial growth (ÁAIC > 3.5, r 2 = 0.79 for truncated PPFD data vs. 0.75 for the raw data) (Table 4) . For sugar maple, contrary to expectation, truncating the photodiode data to thresholds potentially corresponding to PPFD-saturated photosynthesis did not improve growth predictions (Table 4) .
Within-and between-operator variability
Apex readings from the three LAI-2000 methods are independent measurements of percent canopy openness from the same point location and can be used to assess within-operator variability. The three apex readings were strongly correlated (Table 5) . We can assess between-operator variability by comparing 1999 and 2000 measurements, recognizing that there may have been changes in light environments between years. There was greater variability in the between-operator (and year) measurements than the within-operator measurements, but between-operator measurements were still highly correlated (Table 5 ). Based on Pearson's correlation coefficients for the same film and digital photographs analyzed by the second author in both 2001 and 2002, within-operator variability was higher in analysis of digital hemispherical canopy photographs than for film photographs (Table 5) .
We also examined deviations between repeated measurements, because correlations do not reveal bias. In general, the magnitude of deviations did not increase with estimated light availability for a given metric; thus, we express deviations on an absolute scale and not normalized as a percentage of measured PAR. Mean and median deviations between apex readings of percent canopy openness with the LAI-2000 by the same operator were negligible (Table 5) . Similarly, median (and mean) deviations between repeated analyses of the same hemispherical film canopy photographs by the same operator were <0.2 (or <0.3 for the mean) for percent canopy openness, percent total transmittance, percent direct beam radiation, and percent diffuse radiation. Even though mean and median deviations were slightly lower for LAI-2000 percent canopy openness than for film photographs, the absolute range in deviations for LAI-2000 repeat measurements were higher. For example, repeated LAI-2000 measurements by the second author (method A versus method C) diverged by -3% to 7.4% canopy openness. These extremes were isolated cases that occurred under higher PAR; excluding these points, divergences ranged from -1.6% to 3.6% canopy openness. In contrast, the magnitude of divergence from repeat analyses of film photographs was <1% canopy openness (-0.22 to 0.78%) ( Table 5) ; these divergences likely would have been higher if a separate set of photographs had been taken rather than repeating analysis of the same photographs as done here. Nevertheless, repeated measurements suggest that the LAI-2000 has lower potential for bias than film metrics (as indicated by mean and median divergences), but LAI-2000 measurement error can be substantial, diverging by as much as 7.4% canopy openness under high light. Reanalysis of digital photographs revealed a potential for bias, with mean and median deviations of *1% canopy openness and ranges between 0% and 2% canopy openness.
Discussion
Our results suggest both biological and methodological mechanisms for the effectiveness with which different metrics of PAR predict radial growth. From a biological perspective, percent canopy openness and diffuse irradiance (estimated with either film hemispherical photographs or the LAI-2000) provided the best growth predictions, because they disregard high irradiance sunflecks that are above PPFD levels at which photosynthesis saturates. From a methodological perspective, the LAI-2000 and film canopy photographs had relatively low measurement error (as indicated by similar estimates from repeated measurements or analyses), and both integrate irradiance from the sky hemisphere instead of measuring irradiance that strikes a small surface.
Percent canopy openness and diffuse radiation may more closely characterize available light that is useable for photosynthesis and growth than metrics that include direct beam radiation. Consistent with this result, birch seedlings grew faster under diffuse than direct beam radiation of the same total PPFD (Wayne and Bazzaz 1993) and tropical seedlings orient their crowns towards diffuse but not direct irradiance (Ackerly and Bazzaz 1995) . Similarly, at the same daily PPFD, tropical dipterocarp seedlings grew faster under sunflecks of lower intensity and longer duration (Leakey et al. 2003) . Sapling photosynthetic rates can asymptote at a PPFD of <300 mmolÁm -2 Ás -1 (Beaudet et al. 2000; Walters and Reich 2000) , but irradiance can reach much higher levels for short periods of time. When sunflecks are averaged with background levels of diffuse light to calculate daily or growing season PPFD, the longer term daily mean estimates of PPFD would appear to be below saturating levels even though there were periods of above-saturation PPFD. For example, white ash sapling No. 64 experienced~45 min of PPFD >300 mmolÁm -2 Ás -1 on sunny days in June 2000 (Fig. 2A) ; mean PPFD was 44.12 mmolÁm -2 Ás -1 , apparently well below instantaneous PPFD levels at which photosynthesis saturates. However, setting maximum 15 min PPFD mean values to 300 mmolÁm -2 Ás -1 , the maximum PPFD useable for photosynthesis, yields a mean useable PPFD of 24.94 mmolÁm -2 Ás -1 (Fig. 2B) . Thus, short periods of high light intensity may be above levels at which photosynthesis saturates and, thus, may not be fully utilized in photosynthesis, but those periods of high irradiance still contribute to the calculation of mean PPFD, direct beam radiation, and total transmittance. Consistent with this perspective, truncated PPFD values provided better predictions of radial growth for ash (Table 4) . However, growth predictions for sugar maple were similar for truncated and nontruncated PPFD, even though the best predictor for maple growth was percent canopy openness from the LAI-2000. A possible explanation is that, because stomatal opening in response to sunflecks occurs more rapidly in sugar maple than in white ash (Davies and Kozlowski 1975) , periods of high irradiance were more fully utilized in sugar maple. Another likely explanation is that the small surface of photodiodes were not representative of whole-crown PPFD experienced by sugar maple; thus, truncating errorprone PPFD estimates did not influence growth predictions.
From a methodological perspective, metrics that spatially integrate available light are less prone to sampling error than metrics based on single point measurements. A single measurement location with a photodiode, even when integrated over time, sampled PPFD over a very limited area (0.5 cm 2 ) of the sapling's crown. Given fine-scale heterogeneity in light environments, multiple photodiodes would be necessary per sapling crown to adequately characterize PPFD. Thus, direct measurements of PPFD, which have been used as a standard of reference in comparisons of light measurement methods (e.g., Machado and Reich 1999; Engelbrecht and Herz 2001) , were not the best predictors of sapling growth. In contrast, the LAI-2000 and canopy photographs integrate across the sky hemisphere and likely more closely approximate the irradiance that a sapling perceives.
Relatively low measurement errors of the LAI-2000 and film canopy photographs also contributed to their good growth predictions. Percent canopy openness from digital photographs was a poorer growth predictor and was less repeatable. For sugar maple, the largest deviations between predicted and actual growth rates occurred under slow growth (i.e., low light and (or) small tree size conditions) for percent canopy openness measured with film ( Fig. 1) . This suggests greater measurement error for film hemispherical photographs under low light conditions, consistent with Machado and Reich (1999) . However, white ash shows the opposite pattern, and it had smaller deviations between predicted and measured growth rates under slow growth for film than LAI-2000 percent canopy openness. Across both species, percent canopy openness from film and LAI-2000 were highly correlated at lower openness (data not shown) but diverged more under higher openness.
Contrary to expectation, a few repeated measurements of LAI-2000 percent canopy openness diverged strongly at higher openness. This result was even more surprising, because each measurement was the mean of three apex readings. The two most extreme divergences in repeated percent canopy openness measurements occurred under higher irradiance (similar to Machado and Reich 1999) , where radial growth is light-saturated; thus, the variability in light measurements had little effect on growth predictions. We speculate that variability in repeated measurements may have been caused by a slight change in sensor positions relative to the approximated centre of the sapling crown; the multiple-strata gap openings in our site could have resulted in fine-scale heterogeneity in percent canopy openness. Unfortunately, we cannot similarly evaluate repeated measurements of hemispherical canopy photographs, because time constraints in the field precluded taking more than one set of photographs. We would expect variability in percent canopy openness arising from camera placement to be similar to variability arising from placement of the LAI-2000 sensor.
Even though manual setting of thresholds is somewhat subjective, repeat analyses of the same set of film hemispherical canopy photographs resulted in very similar estimates of percent canopy openness. The high contrast between open sky and vegetation in the film photographs removed ambiguity in establishing thresholds, contributing to repeatability. The digital photographs did not provide the same sharp demarcations between open sky and vegetation, which led to an overestimation of light metrics in the 2001 relative to the 2002 analyses and which indicates the potential for bias even when images are analyzed by the same person.
Our PAR measurements were concentrated in the year 2000. Although we could have used radial growth from just Table 5) in spite of the fact that different operators did the measurements. Finally, radial growth for the 2000 growing season alone was correlated with mean annual radial growth from 1998 through 2000 (r = 0.86 for white ash and r = 0.82 for sugar maple). These lines of evidence support that canopy structure changed little over the 30 month period, but even if it had, it is difficult to imagine how this change could have influenced comparisons among the ability of different light metrics to predict radial growth, because the light metrics were measured during overlapping periods of the same growing season; thus, any change in canopy structure should be reflected in all light metrics in Table 3 . Since we conducted our study, exposure settings resulting in higher contrast for digital camera images have been refined (Ishida 2004 ) and automatic thresholding algorithms have been developed (Ishida 2004; Nobis and Hunziker 2005) . Both of these methodological improvements, which were not implemented in our study, likely would have closed the gap between the performance of digital cameras relative to the LAI-2000 and film canopy photographs. Ishida (2004) found that exposure settings based on zenith luminance improved estimates of irradiance from digital photographs using an automatic thresholding algorithm; similarly, in our experiences, locking exposure to the zenith luminance has sharpened the contrast between open sky and vegetation in digital camera images taken for independent projects (R.K. Kobe, unpublished data) and would be expected to reduce the biased overestimates of percent canopy openness that often result from digital hemispherical photography (Englund et al. 2000; Frazer et al. 2001 , but see Hale and Edwards 2002) . In addition, automatic thresholding eliminates variability in irradiance estimates that originates from subjective setting of thresholds, thus standardizing irradiance estimates from the same set of images among repeated analyses by the same or different operators. These methodological improvements hold great promise for the use of hemispherical images from digital cameras.
Percent canopy openness estimated from film hemispherical canopy photographs or the LAI-2000 both provided very good predictions of sapling growth. Both of these methods had minimal error, as assessed by repeatability, and integrate irradiance across the sky hemisphere. Although digital camera image resolution does not seem to influence PPFD estimation (Englund et al. 2000; Frazer et al. 2001) , refinement in exposure settings of digital cameras (Ishida 2004 ) likely will decrease their measurement error. Automatic thresholding algorithms (Ishida 2004; Nobis and Hunziker 2005) should decrease methodological error in images derived from both film and digital cameras. Percent canopy openness likely was a better growth predictor than other PAR metrics, because openness does not take into account solar tracks and direct beam radiation, the major reasons for using total transmittance from canopy photographs or PPFD from photodiodes. Consistent with this result, mean daily PPFD based on values that were truncated to irradiance at which photosynthesis saturates provided better Note: All correlations were highly significant (p < 0.001).
growth predictions for white ash and direct beam radiation was among the poorest predictors of growth. Our results support the conclusion that, in terms of growth responses, percent canopy openness closely approximates sapling perception of PAR, and film hemispherical photographs and the LAI-2000 performed well in characterizing percent canopy openness. for (A) all data and (B) data truncated to a maximum of 300 mmolÁm -2 Ás -1 , which is approximately the PPFD level at which photosynthesis saturates. PPFD was recorded from before sunrise to after sunset (0615 to 2145 daily).
